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Abstract

Cox, Cora B. M.S. Microbiology and Immunology Graduate Program, Wright State
University, 2021. IL-10 and TGF-beta Increase Connexin-43 Expression and Membrane
Potential of HL-1 Cardiomyocytes Coupled With RAW 264.7 Macrophages.

Cardiomyocytes and macrophages have been found to interact via connexin-43
hemichannels. The role of connexin-43, however, is not fully understood. This study
shows that these interactions aid in increasing the membrane potential of cardiomyocytes
allowing contraction of the cells. HL-1 cardiomyocytes and RAW 264.7 macrophages in
coculture increased expression of connexin-43 compared to cardiomyocytes alone. Cocultures also increased the fluorescence of Di-8-ANEPPS potentiometric dye indicating
an increase in cardiomyocyte membrane potential. Treatment with IL-10 and TGF-beta
further increased connexin-43 expression and membrane potential. Treatment with
SOCS3 inhibited the effects of TGF-beta and IL-10 while having no effect on its own.
Confocal imaging provides visual evidence of these interactions with image layering, 3D
imaging and enhanced color.
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Hypothesis

Cardiac resident macrophages in coculture with cardiomyocytes will interact via
connexin-43 hemichannels. This interaction can be enhanced with the addition of IL-10
(interleukin-10) and TGF-beta (transforming growth factor – beta) autocrine signals. In
addition, these interactions facilitate an increase in cellular resting membrane potential
leading to a more contractile state of the cardiomyocytes. In contrast, introduction of
SOCS3 (suppressor of cytokine signaling 3) will inhibit the effects of IL-10 and TGFbeta. To achieve a full visual of these interactions, confocal microscopy can provide a
clear view of these cellular interactions via layering of images and 3D imaging.

x

Introduction

Cardiac myocytes rely on electrical conduction to facilitate the contractile ability of these
important muscle cells. Recent studies have shown that cardiomyocytes and macrophages
interact via connexin-43 hemichannels (Ribeiro-Rodrigues et al. 2017). It is this
interaction that is critical for raising the resting membrane potential enabling the
contractile ability of the cardiomyocytes. It is important to fully understand what kind of
interaction the connexin-43 is aiding. Furthermore, understanding how to manipulate this
interaction can contribute to future research pertaining to viral or bacterial infections of
the heart including bacterial myocarditis and even COVID-19 infection as it is known to
cause inflammation of the heart tissue.

We know that the heart relies on electrical conduction to beat properly. But there are still
questions concerning the details of how this conduction is produced within the body. This
research will give insight on the way cardiomyocytes interact with macrophages by
showing evidence that the presence of IL-10 and TGF-beta induce expression of
connexin-43 which facilitates the coupling of macrophages and cardiomyocytes and the
polarization needed for impulse propagation of the cardiomyocytes. It will also show how
SOCS3 can inhibit TGF-beta and IL-10 in this pathway.
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Literature Review

Cardiomyocytes
Arguably, one of the most important cell lines in the human body are the
cardiomyocytes. Contraction of cardiomyocytes results in contraction of the intact
heart. They contract in synchrony which controls heart beat rhythm (Woodcock
and Matkovich 2005). In order to contract, cardiomyocytes require fluctuation of
calcium ions to reach action potential and gap junctions facilitate this flow of
calcium ions (Woodcock and Matkovich 2005). The cardiomyocyte connexin-43
gap junction has been shown to take part in facilitating electrical conduction
between cardiomyocytes as well as between tissue-resident macrophages coupled
with cardiomyocytes (Ribeiro-Rodrigues et al. 2017).

Unfortunately, there has been difficulty in designing a cardiomyocyte cell line
with these gap junctions that is also capable of proliferation (Claycomb et al.
1998; Woodcock and Matkovich 2005). The HL-1 cell line was derived from an
AT-1 mouse atrial cardiomyocyte tumor cell line. It possesses nearly all of the
same characteristics and gap junctions as the human adult cardiomyocytes,
including the connexin-43 gap junction (Claycomb et al. 1998). Most importantly
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this HL-1 cardiomyocyte cell line proliferates, maintains its phenotype and is
capable of contraction.

It is also important to understand the interaction between cardiomyocytes and
macrophages during cardiac injuries. In the case of myocardial infarction,
monocytes (including macrophages) are recruited to the injury site. Secretion of
cytokines and growth factors determine the phenotypes of the monocytes, and in
turn, whether they have a pro-inflammatory effect or an anti-inflammatory effect
(Weinberger and Schultz 2015). In the early stages of myocardial infarction, proinflammatory phenotypes are more prevalent followed by anti-inflammatory
phenotypes to deposit scar tissue and aid in remodeling, however, excessive
remodeling can cause even more damage (Peet et al. 2020). With cardiac diseases
being one of the leading causes of death in developed countries, it is more
important than ever to fully understand the mechanism between cardiomyocytes
and macrophages as well as how to moderate the reparative roles of macrophages
in that relationship.

Macrophages
Macrophages are extremely versatile immune cells. They are known to play
various roles in both innate and adaptive immunity (e.g., healing abrasions and
3

lacerations, assisting in fetal/maternal interactions, and other immune functions).
Despite their good intentions, macrophages can also trigger inflammation,
promote autoimmune diseases and even aid in cancer metastasis (Kloc 2017;
Martinez and Gordon 2014).

The bi-polar nature of these cells is due to their two, very different, activation
states. The M1 activation state is the macrophages “pro-inflammatory”
phenotype, while the M2 activation state primarily aids in tissue repair (Kloc
2017; Martinez and Gordon 2014; Mills 2001). Macrophages can be activated to
an M1 state via introduction of intracellular pathogens (Kloc 2017; Martinez and
Gordon 2014). Alternatively, an M2 state can be activated via nearby cell death,
complement system components, fungal pathogens and (with vital importance to
this study) the presence of IL-10 or TGF-beta (Murray et al. 2014; Stein et al.
1992). This activation state will allow the macrophages to aid in the
repolarization of the cardiomyocytes (Kloc, 2017; Murray et al. 2014; Stein et al.
1992).

M2 macrophages have three main subtypes with differing roles: M2a, M2b and
M2c (Martinez and Gordon 2014). For the purposes of this study, focus will
reside on the M2c phenotype which is involved in immune suppression and tissue
remodeling.
4

IL-10 signaling
IL-10 is a cytokine that affects many cells within the immune system. Its
prominent role of the JAK/STAT pathway is one that results in the production of
inflammatory cytokines such as IL-1, IL-6 and TNF-alpha (Ding et al. 2003).

IL-10 and SOCS3
SOCS3 balances the actions of IL-10 within the JAK/STAT pathway. Shown in
Figure 1, once IL-10 binds to the IL-10 receptor, JAK-1 and TYK-2 become
phosphorylated and allow STAT3 to bind. This binding results in the
phosphorylation of STAT3 which then dimerizes and migrates to the nucleus
where it binds to the promotor of various responsive genes via the STAT binding
elements. This finally activates transcription. While this action can result in an
inflammatory response, one byproduct of interest is SOCS3. SOCS3 seems to be
produced in an attempt to balance the system by inhibiting the phosphorylation of
JAK-1 as well as blocking the additional production of inflammatory cytokines
via inhibiting the MAPK pathway (Ding et al. 2003; Duncan et al 2020; Morrison
2012).
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Figure 1: IL-10 signaling through the JAK/STAT pathway shows how IL-10 is capable of
causing transcription of various inflammatory cytokines but that it also causes transcription of
SOCS3. SOCS3 inhibits production of inflammatory cytokines (by blocking the MAPK
pathway) as well as inhibiting IL-10 via blocking the phosphorylation of JAK. This figure
was created in BioRender using the “IL-10 Signaling through the JAK-STAT Pathway”
template.

TGF-beta signaling
TGF-beta is known to stimulate cardiomyocytes as well as contribute to the
production of extracellular matrix (Lucas et al. 2009). TGF-beta has both
regulatory an inflammatory properties which aid in cell homeostasis (Sanjabi et
al. 2009). TGF-beta has been shown to upregulate connexin-43 expression in
murine mammary gland epithelial cells as well as other cell lines (Tacheasu et al.
2008). Because of this, and the known expression of connexin-43 by
cardiomyocytes, it is hypothesized that we will see upregulation of connexin-43
expression with the cardiomyocytes co-cultured with macrophages in this study.
Previous studies show that in the event of chronic liver injury, M2 macrophages
will begin to produce pro-fibrotic cytokines including TGF-beta (Fabregat and
Caballero-Diaz 2018). In the case of cardiac fibrosis, M2 macrophages are
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known to induce fibrosis (Kim et al. 2021). It could be theorized that these M2
manifestations are also due to secretion of TGF-beta.

TGF- beta and SOCS3
The relationship between TGF-beta and SOCS3 is similar to that of IL-10 and
SOCS3. SOCS3 acts as a regulator in the TGF-beta pathway in which TGF-beta
upregulates SOCS3, and SOCS3 inhibits TGF-beta. This interaction can be seen
in Figure 2. In the pathway, TGF-beta binds to its receptor causing SMAD3 to
phosphorylate and bind with SMAD4 before translocating to the nucleus. Once in
the nucleus, the SMAD complex binds to the promotor and activates transcription
of target genes including inflammatory cytokines, regulatory cytokines and
SOCS3. SOCS3 then inhibits the translocation of the SMAD complex to the
nucleus (Niemand et al. 2003).

7

Figure 2: Binding of TGF-beta to its receptor causes SMAD3 to phosphorylate and create a
complex with SMAD4. This complex then translocates to the nucleus, binds to the promotor
and activates transcription of inflammatory cytokines, regulatory cytokines and SOCS3.
SOCS3 inhibits the SMAD3/4 complex from translocating to the nucleus. This figure was
created in BioRender using the “TGF-beta Signaling Pathway” template.

Di-8-ANEPPS
Di-8-ANEPPS is a membrane potentiometric dye that binds to the lipid bilayer of
a cell membrane and fluoresces red with changes in membrane potential. A more
positive shift in membrane potential results in increased fluorescence intensity
(Ribeiro-Rodrigues et al. 2017). Di-8-ANEPPS can also be used with the addition
of an external electrical field stimulation which would result in a much higher
8

intensity in fluorescence based on magnitude of the voltage shift relative to the
external field (Pucihar et al. 2009). This method, however, was not feasible for
this experiment. It has been shown that connexin-43 gap junction channels
facilitate action potential among cardiomyocytes (Ribeiro-Rodrigues 2017).
Therefore, it would be expected that an increase in connexin-43, due to coupling
of cardiomyocytes and macrophages or addition of IL-10 or TGF- beta, would
also result in an increase in membrane potential visible with Di-8-ANEPPS.
Macrophages are reported to have low membrane potentials with very little
fluctuation (Ince et al. 1984). Without using the optional external electrical field
with the Di-8-ANEPPS dye, any fluctuations in macrophage membrane potential
are not likely to be detected.

Confocal Microscopy
Confocal microscopy scans the sample in layers giving both 2-dimensional and 3dimensional results. It also gives the option to remove certain layers from the
image, which allows for the removal of any remaining background fluorescence.
Because of this, it is able to provide a sharper image with enhanced color and a
cleaner background compared to a regular fluorescence microscope. The image
layering also allows for 3-dimensional renderings of the imaged cells as well as
video clips of the layers. This allows for a better understanding of where things lie
on the surface of the slide. It can also help determine if any cells are layered on
top of other cells, which would not be possible in a 2-dimensional image.
9

Materials and Methods

This project had two main experiments: (1) to observe the effects on membrane potential
with Di-8-ANEPPS dye and (2) to observe connexin-43 expression with AF594connexin43 monoclonal antibody.

Each experiment consisted of seven slides, each with eight wells as can be seen in Tables
1 and 2. Two wells contained HL-1 cardiomyocytes only (one experimental, one antibody
isotype control). Another two wells contained RAW 264.7 macrophages only (one
experimental, one antibody control). The final four wells consisted of RAW 264.7
macrophages co-cultured with HL-1 cardiomyocytes (two experimental, two antibody
isotype control). Each slide pertained to a treatment group. Treatment groups consisted
of a control, IL-10, IL-10 and SOCS3, TGF-beta, TGF-beta and SOCS3, SOCS3, and a
final slide treated with IL-10, TGF-beta and SOCS3.

Both experiments also used a 1:200 dilution of AF488 anti-mouse F4/80 antibody
(fluoresces green), as well as DAPI (fluoresces blue) within the mounting medium. F4/80
is a glycoprotein found on the cell membranes of the majority of tissue-resident
macrophages including the RAW 264.7 macrophages. DAPI causes all cell nuclei to
fluoresce blue.
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The experiments differed in their use of red fluorescence. The Di-8-ANEPPS experiment
(Table 1) utilized Di-8-ANEPPS potentiometric dye indicating change in membrane
potential, while the connexin-43 experiment (Table 2) used AF594-connexin43
monoclonal antibody to indicate connexin-43 expression.

Each experiment was repeated three times on separate dates with varying passages. All
cell were retired after 30 passages to maintain efficacy of results. Connexin-43 photos
were captured within two weeks of the completed experiment. Di-8-ANEPPS photos
were captured within twelve hours of completion due to the instability of the dye.
Twenty-eight data points were measured for fluorescence from each well for a total of
9,408 data points. Fluorescence from these data points were analyzed in ImageJ. The
background subtractor tool was used as well as subtracting isotype numbers to avoid
measurement of any background fluorescence. Background measurements were also
taken and subtracted from total fluorescence to achieve the final Corrected Total Cell
Fluorescence (CTCF).
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Table 1: Di-8-ANEPPS Experimental Design
Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
Control Slide
No treatment
1:250 (2uM) DI-8Anneps
1:200 Alexafluor 488

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
SOCS3
35uM
1:250 DI-8-Anneps
1:200 Alexafluor 488

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
TGF-ß
3.5ng/mL
1:250 DI-8-Anneps
1:200 Alexafluor 488

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
IL-10 + SOCS3
20ng/mL – 35uM
1:250 DI-8-Anneps
1:200 Alexafluor 488
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Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
IL-10
20ng/mL
1:250 DI-8-Anneps
1:200 Alexafluor 488

Both
Both
Mo
only
CM
only

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
TGF-ß + SOCS3
3.5ng/mL – 35uM
1:250 DI-8-Anneps
1:200 Alexafluor
488

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
IL-10 – 20ng/mL
SOCS3 – 35uM
TGF-ß – 3.5 ng.mL
1:250 DI-8-Anneps
1:200 Alexafluor 488

ALL 1:50
Macrophages to
Cardiomyoctes

Table 2: Connexin-43 Experimental Design
Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
Control Slide
No treatment
1:250 Alexafluor
594
1:200 Alexafluor
488

X3
TGF-ß
3.5ng/mL
1:250 Alexafluor
594
1:200 Alexafluor
488

X3
IL-10
20ng/mL
1:250 Alexafluor
594
1:200 Alexafluor
488

Both

Both

Both

Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
SOCS3
35uM
1:250 Alexafluor
594
1:200 Alexafluor
488

Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
IL-10 + SOCS3
20ng/mL – 35uM
1:250 Alexafluor
594
1:200 Alexafluor
488

Both
Mo
only
CM
only

Both
Both
Mo
only
CM
only

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
TGF-ß + SOCS3
3.5ng/mL – 35uM
1:250 Alexafluor
594
1:200 Alexafluor
488

Both
(isotype)
Both
(isotype)
Mo only
(isotype)
CM only
(isotype)

X3
IL-10 – 20ng/mL
SOCS3 – 35uM
TGF-ß – 3.5 ng.mL
1:250 Alexfluor 594
1:200 Alexafluor
488

ALL 1:50
Macrophages to
Cardiomyoctes

Raw 264.7 macrophages
Raw 264.7 macrophages were purchased from ATCC. Cells were cultured in an
incubator maintained at 37 degrees Celsius with 5% carbon dioxide and 95%
relative humidity as per manufacturer’s recommendation. Culture medium
13

consisted of 10% FBS in DMEM. FBS was purchased from Sigma-Aldrich and
DMEM was purchased from ATCC. Cell media was refreshed every 48-72 hours
and cells were split upon reaching at least 70% confluency. Cells were retired
after 30 passages to maintain efficacy of results.

HL-1 cardiomyocytes
HL-1 cardiomyocytes were purchased from Sigma-Aldrich. Cells were cultured in
an incubator maintained at 37 degrees Celsius with 5% carbon dioxide and 95%
relative humidity as per manufacturer’s recommendation. Culture medium
consisted of 87% Claycomb Medium (from Sigma-Aldrich), 10% FBS, 1%
norepinephrine, 1% glutamine, and 1% penicillin/streptomycin. Cell media was
refreshed every 48-72 hours and cells were split upon reaching 90% confluency.
As cardiomyocytes are primarily non-adhesive cells, T75 flasks were prepared
with a 0.05% gelatin/fibronectin solution prior to cell culture to facilitate
adhesion. Cells were retired after 30 passages to maintain efficacy of results.

Co-cultures
Cocultures were prepared in Ibidi 8 Well Removable Chamber Slides. Wells were
coated with 0.05% gelatin/fibronectin solution to facilitate adhesion of
cardiomyocytes. Cells were co-cultured at a ratio of 1:50 Raw 264.7 macrophages
to HL-1 cardiomyocytes. This ratio allows growth of cardiomyocytes and
14

macrophages without overgrowth of the macrophages allowing proper
observation of the interactions between the two cell lines. After counting cells
with a hemocytometer, cell suspensions were diluted if necessary to achieve the
approximate number of cells per volume. With a suggested seeding density of
40,000 – 90,000 cells per Ibidi protocol, each well was loaded with approximately
40,000 HL-1 cardiomyocytes and 800 Raw 264.7 macrophages. Cells were
cocultured at that ratio in media containing 10% FBS in DMEM.

Di-8-ANEPPS
Treatments for each well consisted of TGF-beta at 3.5ng/mL, Il-10 at 20ng/mL,
SOCS3 at 35uM, TGF-beta at 3.5ng/mL + SOCS3 at 35uM, IL-10 at 20ng/mL +
SOCS3 at 35uM, IL-10 at 20ng/mL + SOCS3 at 35uM + TGF-beta at 3.5ng/mL,
as well as a control well. Treatment amounts were determined based on dilution
tests performed by a previous lab student, Mike Castro. Cocultures were
incubated at 37 degrees Celsius, 5% CO2, and 95% humidity with their respective
treatments for 48 hours prior to fixing. After 48-hour incubation, all wells were
treated with Di-8-ANEPPS potentiometric dye at a ratio of 1:250 (Di-8-ANEPPS
to DMSO) for 1 hour at 4 degrees Celsius. Cells were then fixed with 4%
formaldehyde in PBS, permeabilized in 0.5% Triton X-100 in PBS and blocked
with 3%BSA and 0.1% Saponin in PBS.

After blocking, cells were stained with Alexaflour 488 – F4/80 at a 1:200 ratio in
3% BSA/0.1% Saponin in PBS solution. Chambers were removed from the wells
15

and the slide was then mounted using a glycerol mounting medium containing
DAPI. Slides were viewed under FV1000 Confocal microscope as well as an
Accu-Scope Fluorescence Microscope fitted with DAPI (Exciter: A350/50x,
Dichroic: AT410DC, Emitter: AT460/50m), GFP/FITC (Exciter: AT480/30x,
Dichroic: AT505DC, Emitter: AT535/40m), and Texas Red (Exciter: AT575/30x,
Dichroic: AT600DC, Emitter: AT650/60m) LED lasers.

Connexin-43
Treatments for each well consisted of TGF-beta at 3.5ng/mL, Il-10 at 20ng/mL,
SOCS3 at 35uM, TGF-beta at 3.5ng/mL + SOCS3 at 35uM, IL-10 at 20ng/mL +
SOCS3 at 35uM, IL-10 at 20ng/mL + SOCS3 at 35uM + TGF-beta at 3.5ng/mL,
as well as a control well. Cocultures were incubated at 37 degrees Celsius, 5%
CO2, and 95% humidity with their respective treatments for 48 hours prior to
fixing. After 48-hour incubation, cells were fixed with 4% formaldehyde in PBS,
permeabilized in 0.5% Triton X-100 in PBS and blocked with 3%BSA and 0.1%
Saponin in PBS.
After blocking, cells were stained with Alexaflour 488 – F4/80 at a 1:200 ratio in
3% BSA/0.1% Saponin in PBS solution as well as Alexaflour 594 – Connexin 43
at a ratio of 1:250 in 3% BSA/0.1% Saponin in PBS. Chambers were removed
from the wells and the slide was then mounted using a glycerol mounting medium
containing DAPI. Slides were viewed under FV1000 Confocal microscope as well
as an Accu-Scope Fluorescence Microscope fitted with DAPI (Exciter: A350/50x,
Dichroic: AT410DC, Emitter: AT460/50m), GFP/FITC (Exciter: AT480/30x,
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Dichroic: AT505DC, Emitter: AT535/40m), and Texas Red (Exciter: AT575/30x,
Dichroic: AT600DC, Emitter: AT650/60m) LED lasers.

ImageJ – Measuring Fluorescence
ImageJ is a free software package provided by the NIH to be used for quantifying
number of cells, growth of cells and amount of fluorescence. For these
experiments, ImageJ was used to quantify amount of fluorescence to indicate
presence of macrophages (AF488-f4/80), presence of connexin-43 (AF594connexin43) and change in membrane potential (Di-8-ANEPPS dye). To do this,
images were taken from each well with an effort made to capture the most
fluorescence in each well. Images used for calculating fluorescence were captured
on an AccuScope Fluorescence Microscope at 100X magnification. Using
ImageJ, twenty-eight data points were measured for fluorescence from each
image for a total of 9,408 data points. Fluorescence from these data points were
analyzed in ImageJ and collected in an Excel spreadsheet. The background
subtractor tool was used as well as subtracting isotype numbers and subtracting
background measurements to avoid measurement of any background
fluorescence. To achieve the Corrected Total Cell Fluorescence (CTCF), each
raw data point had the average background fluorescence multiplied by the area
subtracted from it as indicated in the calculation suggested by the NIH:
CTCF = integrated density – (area of selected cell X mean fluorescence of
background reading)
17

Results

Connexin-43 Immunofluorescence Results
To ensure that the wells for each slide were loaded properly and that the AF488F4/80 was not auto-fluorescing in the cardiomyocyte wells (e.g., HL-1), AF488F4/80 fluorescence was analyzed first. The F4/80 protein on the cell membranes
of macrophages is a common marker for distinguishing these cells. In Figure 3,
the presence of macrophages is clearly seen in the “RAW 264.7” wells and in the
“BOTH” wells as expected. It is also clear that macrophages are not present in the
“HL-1” wells where only cardiomyocytes should be. This also shows that
autofluorescence with HL-1 cardiomyocytes and AF488-F4/80 was not an issue.

The statistical significance for the values in Figure 3 is stated in Table 3. All
treatment groups, including wells containing macrophages only (i.e., “RAW
264.7” wells) and wells containing both cardiomyocytes and macrophages (i.e.,
“BOTH” wells) are shown to differ (with statistical significance) from the wells
containing cardiomyocytes only (i.e.,“HL-1” wells). Significance was calculated
using One-Way ANOVA testing with Tukey post-hoc test in SigmaPlot 13.0. In
Figure 4 the AF488-F4/80 fluorescence for each of the well types across all of the
treatment groups as indicated by green fluorescence. It can be seen that
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Macrophages, as visualized with the F4/80 marker, are present in their anticipated
wells (e.g., RAW 264.7 and BOTH) and not in the cardiomyocyte only wells
(e.g., HL-1).

The expression of connexin-43 via fluorescence of AF594-connexin43 across the
varying treatment groups (Figure 5) is shown by the slight increase in CTCF or
red fluorescence among all of the co-culture wells (e.g., “BOTH” wells).
Treatment with IL-10 and TGF-beta appear to create a dramatic (and statistically
significant) increase in the expression of connein-43, as shown by the increased
CTCF of IL-10 and TGF-beta treated co-culture wells. Treatment with SOCS3
appears to inhibit the effects of IL-10 and TGF-beta while having no statistically
significant effect on its own. The expression of connexin-43 among the
cardiomyocyte only wells (i.e., ‘HL-1” wells) appears to not be affected by any of
the treatments and shows a fairly steady, but lower, amount of fluorescence on
their own. Macrophage only wells (i.e., ‘RAW 264.7” wells) show no
fluorescence at all. The statistical significance, as determined by one-way
ANOVA with Tukey post-hoc test for Figure 5 is summarized in Table 4.
Looking at the co-culture wells only, it is shown that treatment with IL-10 differs
(with statistical significance) from both control and treatment with IL-10 and
SOCS3 combined. Treatment with TGF-beta differs (with statistical significance)
from both control and the combined treatment of TGF-beta and SOCS3. Finally,
the control (no treatment) group showed no statistically significant difference
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from treatment with SOCS3 alone, TGF-beta and SOCS3, IL-10 and SOCS3, or
all three treatments combined.

This pattern can also be seen in the images of the AF594-connexin43 fluorescence
(Figure 6). Within these images, an obvious increase in fluorescence (red
fluorescence) can be seen among the co-culture wells treated with IL-10 and
TGF-beta to show the expression of connexin-43. Co-culture wells among the
other treatment groups appear to have statistically similar amounts of
fluorescence, as well as the cardiomyocyte only wells (e.g., “HL-1” wells).
Macrophage only wells (e.g., “RAW 264.7” wells) appear to have a slight amount
of fluorescence, determined to be autofluorescence that was later calculated out
after subtraction of background numbers and isotype wells. At a higher
magnification, connexin-43 can be seen linking cardiomyocytes and
macrophages. Figure 7 was taken at 500X magnification on the fluorescence
microscope. A macrophage, as shown by fluorescing green via AF488, can be
seen in between two cardiomyocytes, which is shown by blue-DAPI stain.
Connexin-43, as indicated by fluorescing red – AF594, is observed linking the
macrophages and the cardiomyocytes.
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Figure 3: AF488-F4/80 fluorescence shows presence of macrophages. To ensure
macrophages are in their respective wells (RAW 264.7 and BOTH), fluorescence was
compared between the three cell types (e.g., HL-1, RAW 264.7 and BOTH) . F4/80
fluorescence can be seen in RAW 264.7 wells and BOTH wells. As indicated by lack of
fluorescence, macrophages are not present in HL-1 wells. CTCF=corrected total cell
fluorescence. Each bar represents the mean CTCF and error bars represent the standard
error for each group.

Table 3: Statistical Significance of AF488-F4/80 Fluorescence In Macrophages
COMPARISON

P

P<0.050

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

CTRL

IL10

TGFB

IL10+SOCS3

TGFB+SOCS3

ALL 3

SOCS3
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AF488

CARDIOMYOCYTES

MACROPHAGES

CARDIOMYOCYTES +
MACROPHAGES

CONTROL

IL-10

IL-10 +
SOCS3

TGF-ß

TGF-ß +
SOCS3

SOCS3

IL-10 +
TGF-B +
SOCS3

Figure 4: AF488-F4/80 fluoresces marking presence of macrophages
indicated by green fluorescence. Macrophages can be seen in their
respective wells (RAW 264.7 and BOTH). Macrophages are not present in
HL-1 wells. Images taken at 100X magnification of standard fluorescence
microscope fitted with GFP, Texas Red and DAPI lasers.

22

Figure 5: Macrophages co-cultured with cardiomyocytes (BOTH) increase fluorescence of
AF594-connexin43. Fluorescence is further increased by the addition of IL-10 and TGF-ß.
SOCS3 appears to inhibit the effects of IL-10 and TGF-ß while having no effect on its own.
CTCF=corrected total cell fluorescence. Bars represent mean CTCF and error bars represent
the standard error for each group.

Table 4: Statistical Significance of AF594-connexin43 Fluorescence

COMPARISON

P

P<0.050

IL-10 VS IL-10 + SOCS3

0.032

Yes

IL10 VS CTRL

0.0042

Yes

TGF-B VS TGF-B + SOCS3

0.005

Yes

TGF-B VS CTRL

0.022

Yes

CTRL VS IL-10 + SOCS3

0.995

No

TGFB+SOCS3 VS CTRL

0.4765

No

ALL3 VS CTRL

0.2317

No

SOCS3 VS CTRL

0.5177

No

BOTH
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RAW 264.7
MACROPHAGES

BOTH

CONTROL

IL-10

IL-10 +
SOCS3

TGF-ß

TGF-ß +
SOCS3

SOCS3

IL-10 +
TGF-ß +
SOCS3

Figure 6: Increase in AF594-connexin43 fluorescence can be seen in co-culture wells
as well as co-cultures treated with IL-10 or TGF-ß. Presence of connexin-43 is indicated
by the red fluorescence. Images taken at 100X magnification of standard fluorescence
microscope fitted with GFP, Texas Red and DAPI lasers.

Figure 7: Macrophage (green) can be seen sandwiched between two
cardiomyocytes depicted by DAPI (blue). Connexin-43 can be seen connecting
the cells together. Image taken at 500X magnification on standard
fluorescence microscope fitted with GFP, Texas Red and DAPI lasers.
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Di-8-ANEPPS Immunofluorescence Results
Similar to the connexin-43 experiment, it is important that the wells for each slide
were analyzed to ensure the materials were loaded properly and that the AF488F4/80 was not auto-fluorescing in the cardiomyocyte wells (e.g., HL-1). The
F4/80 protein on the cell membranes of macrophages is a common marker for
distinguishing macrophages from other cell types. In Figure 8, we can clearly see
the presence of macrophages in the “RAW 264.7” wells and in the “BOTH” wells
as expected. It is also clear that macrophages are not present in the “HL-1” wells
where only cardiomyocytes should be. This also shows that autofluorescence with
HL-1 cardiomyocytes and AF488-F4/80 is, again, not an issue.

Table 5 shows the statistical analysis results from the data collected in Figure 8.
Across all treatment groups, wells containing macrophages only (e.g., “RAW
264.7” wells) and wells containing both cardiomyocytes and macrophages (e.g.,
“BOTH” wells) show statistically significant difference from the wells containing
cardiomyocytes only (e.g., “HL-1” wells). Significance was calculated using OneWay ANOVA testing with Tukey post-hoc test in SigmaPlot 13.0. In Figure 9,
the AF488-F4/80 fluorescence is shown for each of the well types across all of the
treatment groups. Again, it can be seen that macrophages are present in their
respective wells and not in the cardiomyocyte only wells (e.g., HL-1).
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The change in membrane potential via fluorescence of the bright red Di-8ANEPPS dye was compared amongst the varying treatment groups (Figure 10). A
similar pattern emerges that nearly mirrors the results seen in the connexin-43
experiment. A slight increase in calculated CTCF or fluorescence can be seen
among all of the co-culture wells (e.g., “BOTH” wells). Treatment with IL-10 and
TGF-beta clearly created a statistically significant increase in CTCF of the coculture wells. Treatment with SOCS3 appears to inhibit the effects of IL-10 and
TGF-beta while having no statistically significant effect on its own. The change in
membrane potential, as indicated by the CTCF, among the cardiomyocyte only
wells (e.g., ‘HL-1” wells) appears to not be affected by any of the treatments and
shows a steady, but lower, amount of CTCF on its own. Macrophage only wells
(e.g., ‘RAW 264.7” wells) show no statistically significant change in membrane
potential at all.

The statistical significance for the data collected in Figure 10 is summarized in
Table 6. Treatment with IL-10 to the co-culture wells demonstrates statistically
significant difference from both control and treatment with IL-10 and SOCS3
combined. Treatment with TGF-beta shows statistically significant difference
from both control and the combined treatment of TGF-beta and SOCS3. Finally,
the control (no treatment) group showed no statistically significant difference
from treatment with SOCS3 alone, TGF-beta and SOCS3, IL-10 and SOCS3, or
all three treatments combined. This pattern can also be seen in the images of the
Di-8-ANEPPS fluorescence (Figure 11). Within these images, an increase in red
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fluorescence to show the change in membrane potential can be seen among the
co-culture wells treated with IL-10 and TGF-beta. Co-culture wells among the
other treatment groups appear to have similar amounts of fluorescence or change
in membrane potential, as well as the cardiomyocyte only wells (e.g., “HL-1”
wells). Finally, wells with macrophages only show no fluorescence or visible
change in membrane potential.

Figure 8: AF488-F4/80 fluorescence shows presence of macrophages. To ensure
macrophages are in their respective wells (RAW 264.7 and BOTH), fluorescence was
compared between the three well types. F4/80 fluorescence can be seen in RAW 264.7
wells and BOTH wells. As indicated by lack of fluorescence, macrophages are not present
in HL-1 wells. CTCF=corrected total cell fluorescence. Error bars=standard error.
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Table 5: Statistical Significance of AF488-F4/80 Fluorescence In Macrophages
COMPARISON

P

P<0.050

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

0.002

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

RAW 264.7 VS HL-1

<0.001

Yes

BOTH VS HL-1

<0.001

Yes

CTRL

IL10

TGFB

IL10+SOCS3

TGFB+SOCS3

ALL 3

SOCS3
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AF488

CARDIOMYOCYTES

MACROPHAGES

CARDIOMYOCYTES +
MACROPHAGES

CONTROL

IL-10
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SOCS3
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TGF-ß +
SOCS3

SOCS3

IL-10 +
TGF-ß +
SOCS3

Figure 9: AF488-F4/80 fluoresces marking presence of macrophages, as
indicated by bright green fluorescence. Macrophages can be seen in their
respective wells (RAW 264.7 and BOTH). Macrophages are not present in
HL-1 wells. Images taken at 100X magnification of standard fluorescence
microscope fitted with GFP, Texas Red and DAPI lasers.
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Figure 10: Macrophages co-cultured with cardiomyocytes (BOTH) increase fluorescence
of Di-8-ANEPPS dye. Fluorescence is further increased by the addition of IL-10 and TGF-ß.
SOCS3 appears to inhibit the effects of IL-10 and TGF-beta while having no effect on its
own. CTCF=corrected total cell fluorescence. Error bars=standard error.

Table 6: Statistical Significance of Di-8-ANEPPS Fluorescence

COMPARISON

P

P<0.050

IL-10 VS IL-10+SOCS3

0.016

Yes

IL10 VS CTRL

0.001

Yes

TGF-B VS TGF-B+SOCS3

0.006

Yes

TGFB VS CTRL

0.008

Yes

IL10+SOCS3 VS CTRL

0.515

No

TGFB+SOCS3 VS CTRL

0.115

No

ALL3 VS CTRL

0.138

No

SOCS3 VS CTRL

0.999

No

BOTH
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CARDIOMYOCYTES

RAW 264.7
MACROPHAGES

BOTH

CONTROL
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TGF-ß +
SOCS3

SOCS3

IL-10 +
TGF-ß +
SOCS3

Figure 11: Increase in Di-8-ANEPPS fluorescence can be seen in co-culture
wells as well as co-cultures treated with IL-10 or TGF-beta. Images taken at 100X
magnification of standard fluorescence microscope fitted with GFP, Texas Red and
DAPI lasers.

Confocal Microscopy Results
Using confocal microscopy to view the interactions involving connexin-43
between cardiomyocytes and macrophages allows for not only enhanced images,
but the ability to view these interactions in a 3-dimensional manner. Confocal
images present a much cleaner background, enhanced coloring and increased
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definition. Figure 12 shows a comparison between two images taken from the
same IL-10 treated co-culture well in the connexin-43 experiment. Figure 12a is
an image captured on the AccuScope (fluorescence microscope) at 500X
magnification. Figure 12b was captured on the FV1000 confocal microscope at
600X magnification. While the interaction (and connexin-43) can be seen in the
regular fluorescence image, the muted colors make it difficult to see the connexin43. The colors in a regular fluorescence image can be manipulated to reach the
same intensity as a confocal image, but this results in a grainy and slightly
pixelated image as can be seen in Figure 13a.

Clear confocal images, like in Figures 14 and 15, show the interactions between
cardiomyocytes and macrophages as well as the connexin-43 that links them.
Green arrows were placed pointing toward macrophages (fluorescing green) and
blue arrows were placed pointing toward cardiomyocytes (depicted by DAPI and
the lack of green fluorescence). Yellow arrows point toward Connexin-43
(fluorescing red) that can be seen stretching between and around the cells. Figure
14 shows how connexin-43 can stretch quite far to connect cardiomyocytes to
macrophages.

Confocal imaging allows for layered scanning of a sample. This feature permits
visual enhancements, such as 3-dimensional plots, video clips and models. The
images collected for this project are depicted 3-dimensionally to show that
differences in cell shape and size can be used as another way to differentiate cell
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lines in co-culture, extracellular structures like connexin-43 can be given
dimension and any cells laying above or below another cell can be revealed.
Figure 16 shows four images from a 3-dimensional model of a co-culture well
treated with IL-10. It can be seen that macrophages (fluorescing green/yellow)
retain their shape in co-culture as they are taller than the cardiomyocytes. The
cardiomyocytes flatten out in co-culture and appear shorter and wider than
macrophages. The connexin-43 stretching between the cells lies nearly flat on the
slide and connects at the base of each cell.

Figure 17 shows layered images of another cardiomyocyte-macrophage
interaction. The images in Figure 17a-d were taken at 88µm, 92µm, 95µm and
98µm from the slide, respectively. In Figure 17a, closest to the slide, we begin to
see the nuclei of the cells (DAPI-blue) as well as connexin-43 at the base of a
cardiomyocyte. In Figure 17b-c the connexin-43 can be seen stretching between
the cardiomyocyte and the macrophage at the top. In Figure 17d, furthest from the
slide, AF488-F4/80 green fluorescence appears marking the macrophages and
connexin-43 disappears.
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A

B

Figure 12: Comparing Fluorescence microscopy to confocal microscopy, 12A shows an image
taken at 500X on fluorescence microscope (AccuScope) and 12B shows an image taken at 600X
on confocal microscope (FV1000).

B

A

Figure 13: Attempting to reach the same color range as a confocal image (B) results in distortion
of a fluorescence image (A).
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Figure 14: Macrophage (green arrow) fluorescing
green/yellow interacting with a cardiomyocyte (blue arrow)
via connexin-43 (yellow arrow) fluorescing in red in
between the cells.

Figure 15: Macrophages (green arrows) fluorescing
green/yellow interacting with cardiomyocytes (blue arrows)
via connexin-43 (yellow arrows) fluorescing in red between
the cells.
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A

B

C

D

Figure 16: 3-dimensional rendering of co-culture slide captured on FV1000 confocal microscope.
This slide was treated with IL-10. Fluorescence includes AF488-F4/80 (green/yellow) showing
presence of macrophages, AF594-connexin43 (red) showing connexin-43, and DAPI (blue) showing all
cell nuclei.

A

B

C

D

Figure 17: Series of images captured at varying depths (88µm, 92µm, 95µm and 98µm respectively)
via FV1000 confocal microscope. This shows the layering capabilities of the confocal microscope and
how it can be useful in determining where cells lie in a 3-dimensional field.
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Discussion/Conclusion

The statistically significant increase in AF594-connexin43 fluorescence or CTCF in
co-culture wells treated with IL-10 or TGF-beta was observed. This provides
evidence that IL-10 and TGF-beta cause an increase in connexin-43 expression in
cardiomyocytes coupled with macrophages. This evidence suggests that IL-10 and
TGF-beta may be inducing activation of the M2c phenotype of the macrophages
allowing for more reparative roles. The increase in fluorescence or CTCF of Di-8ANEPPS was also shown to be statistically significant in co-culture wells treated with
IL-10 or TGF-beta. This shows that IL-10 and TGF-beta increase the fluctuation of
membrane potential in cardiomyocytes. This provides further evidence that IL-10 and
TGF-beta act to induce the M2c activation state of macrophages.

In both experiments, SOCS3 was shown to inhibit the effects of IL-10 and TGF-beta
as CTCF or fluorescence of co-culture wells treated with combinations of IL-10 and
SOCS3 or TGF-beta and SOCS3 showed no statistically significant difference from
control wells. Treatment with SOCS3 alone appeared to have no effect on co-culture
wells as its CTCF in both experiments showed no statistically significant difference
from the control wells. These results were expected as the literature review revealed
the balancing role that SOCS3 plays in both the TGF-beta signaling pathway and the
37

IL-10 signaling pathway and SOCS3 treatment alone would have no effect as it
would not have a cytokine to regulate.

The addition of confocal imaging to further analyze the connexin-43 wells added
supportive evidence to the results. The 2-dimensional images provided a much better
view of cell structures and specifically the elucidation of connexin-43 by showing a
cleaner background with vibrant coloring. The 3-dimensional images were able to
provide new information that was unable to be seen in 2-dimensional images. Cells
were able to be identified by height and shape differences in addition to the
fluorescence coloring. We saw that macrophages retained their shape in co-cultures
and were taller than the cardiomyocytes, while cardiomyocytes tend to flatten out in
co-culture. The shape of the connexin-43 hemichannels was also visible and showed
that connexin-43 lies flat on the slide with very little height as its stretches from
cardiomyocytes and connects to the base of the macrophage cells. Finally, with 2dimensional images, it could be argued that a cardiomyocyte could be hiding below a
macrophage making it appear that connexin-43 is interacting between a
cardiomyocyte and a macrophage when it is actually just interacting with another
cardiomyocyte. With the 3-dimensional images, we showed evidence of
cardiomyocytes and macrophages interacting via connexin-43 with a clear view that
there were no hidden cells.
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In Summary, IL-10 and TGF-beta induce enhanced connexin-43 expression as well as
increase the membrane potential of HL-1 cardiomyocytes when co-cultured with
RAW 264.7 macrophages compared to no treatment. SOCS3 inhibits the connexin-43
enhancing effects of IL-10 and TGF-beta in co-culture. Treatment of co-culture with
SOCS3 alone has no statistically significant effect when compared to no treatment.
When compared to fluorescence microscopy, confocal imaging provides enhanced
images, layering options and 3D images that allow full visualization and a better
understanding of the interactions between cardiomyocytes and macrophages.

These experiments have provided evidence that cardiomyocytes and macrophages
interact via connexin-43 hemichannels and that this interaction results in an increase
in membrane potential for the cardiomyocytes. The introduction of IL-10 or TGF-ß
appears to induce the M2 activation state of macrophages, resulting in a more
reparative role of the macrophage and further increasing the amount of connexin-43
hemichannels and membrane potential of the cardiomyocytes. This new
understanding of the interactions between cardiomyocytes and macrophages could be
beneficial to future research in how we treat myocardial infarctions as well as
bacterial or viral infections of the heart including COVID-19 infection as it is known
to cause inflammation of the heart.

39

Preliminary Study for Future Research

While this study shows evidence that cardiomyocytes and macrophages interact via
connexin-43 hemichannels and that this interaction results in an increase in membrane
potential for the cardiomyocytes, it could be further hypothesized that the role of the
connexin-43 hemichannels is to facilitate the transfer of calcium (Ca2+) ions between the
cells inducing the shift in membrane potential. InvitrogenTM Fluo-4 Calcium Imaging Kit
could show the flow of calcium ions in a live cell imaging situation. Unfortunately,
without access to a microscope capable of live cell imaging, this experiment was not able
to be performed to completion.

A preliminary study was performed using the InvitrogenTM Fluo-4 Calcium Imaging Kit
and a fluorescence microscope. Five wells were cocultured with HL-1 cardiomyocytes
and RAW 264.7 macrophages. Each well received a different treatment (IL-10, TGFbeta, IL-10 and SOCS3, TGF-beta and SOCS3, and a control with no treatment). All
wells received the Fluo-4 per InvitrogenTM protocol. Cells were viewed as live cultures
using an AccuScope fluorescence microscope and three photos were taken of each well at
100X magnification. Fluorescence data points were taken (fourteen data points for each
photo) and analyzed in ImageJ to achieve CTCF (corrected total cell fluorescence).
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The images taken in Figure 18 show that calcium is, in fact, present. In these photos, it
appears that there is less calcium flow in the control well and the well treated with IL-10
and SOCS3 combined. The graph in Figure 19 appears to show a trend very similar to
what was seen with the connexin-43 and Di-8-ANEPPS experiments. IL-10 and TGFbeta treatments appear to result in increased fluorescence. It would be expected that with
more data, the average CTCF for the TGF-beta + SOCS3 treatment group would become
significantly lower as well.
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